The marriage of proteomics with cell biology has produced extensive inventories of the proteins that inhabit several subcellular organelles. Recent proteomic analysis has identified a large number of new putative transmembrane proteins in the nuclear envelope, and transcriptome profiling suggests that the nuclear membrane proteome exhibits some significant variations among different tissues. Cell type-specific differences in the composition of protein subcomplexes of the nuclear envelope, particularly those containing the disease-associated protein lamin A, could yield distinctive functions and so explain the tissue-specificity of a diverse group of nuclear envelope-linked disorders in humans. Considered together, these recent results suggest an unexpected functional complexity at the nuclear envelope.
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An introduction to the nuclear envelope
The past few years have seen an explosion in the number of identified nuclear envelope (NE) proteins as well as in the number of their associated diseases. The NE (Figure 1) , which is continuous with the more peripheral ER, contains an outer (ONM) and inner nuclear membrane (INM) that are joined at the nuclear pore membrane, giving rise to three different subdomains within nuclear membranes. The ONM is functionally similar to the more peripheral ER, but also is thought to contain some distinct resident proteins. The INM contains a large group of distinctive transmembrane proteins and is lined by a polymer of intermediate filament proteins anchoring/ migration within the cell [13] , and signaling cascades [14] . To what extent these are direct or indirect effects of lamina proteins remains to be elucidated.
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Consistent with the notion that the nuclear lamina is involved in a diverse range of basic cellular functions, at least fifteen inherited diseases and syndromes have been linked to lamins A/C and certain associated NE transmembrane proteins.
These include muscular dystrophies, lipodystrophies, neuropathy, cardiomyopathies, dermopathy, bone disorders, and premature aging diseases (reviewed in [15, 16] , [17, 18] ). Each of these diseases affects only a limited number of tissues, yet the NE proteins that have been linked to disease − most notably lamins A/C, emerin, LBR, and MAN1 − are expressed widely in differentiated somatic cells. Moreover, different mutations in the same protein can affect different tissues. For example certain mutations in lamins A/C primarily affect striated muscle, while another affects neurons, and others target skin or fat tissue.
It is becoming evident that many NE transmembrane proteins can engage in multiple distinct protein interactions [19] . Moreover, the expression level of these transmembrane proteins can vary between different cell types, as discussed below.
This raises the possibility that the tissue-specificity of diseases caused by mutations in widely expressed lamina proteins may be a consequence of the tissue-specific expression patterns of their binding partners. An analogous scenario is found in C.
elegans, where the NE transmembrane protein UNC83 targets to the NE by an interaction with UNC84 [20] . At early stages of development UNC83 is only observed in tissues where nuclear migration occurs, whereas UNC84 is ubiquitously expressed. Mutations in either of the interacting proteins result in the failure of nuclear migration and the same "uncoordinated" phenotype reflected as loss of worm mobility.
Roads to the nuclear envelope proteome
The pre-proteomics catalogue of mammalian NE proteins was the product of over a quarter century's work utilizing many different approaches. Roughly three decades ago, lamins became the first NE proteins characterized -in large part because they are the most abundant proteins in isolated NEs [21, 22] . Subsequently a number of NE transmembrane proteins (Table 1) proteins: SANE is a LEM domain-containing protein that functions in the cytoplasm and does not appear in a nuclear fraction [48] , and there are LEM domain-containing splice variants of LAP2 without a transmembrane sequence that are concentrated in the nuclear interior [49] . This emphasizes the importance of combining genomic and cell biological approaches to clarify protein localization and function.
The use of proteomics to identify NE-specific transmembrane proteins is hampered by the fact that the ONM is continuous with the peripheral ER and is uncharacterized proteins were identified that did not comply fully with the biochemical criteria used. However, as the known NE protein LBR also did not fully satisfy these criteria, some of these may prove to be novel NE proteins.
The second study used a "subtractive" approach to exclude peripheral ER proteins that also were present in the NE fraction [46] . In this case a microsomal membrane (MM) fraction was used to identify integral ER proteins. The MM fraction was analyzed separately from the NE fraction and all proteins appearing in both fractions were subtracted from the NE fraction ( Figure 2B ). Fractions prepared from rodent liver were analyzed using Multi-dimensional Protein Identification Technology (MudPIT) [50, 51] , which couples tandem mass spectrometry with multiple liquid chromatography steps to analyze the complex mixture of peptides generated by direct digestion of isolated membranes without prior 2-D gel separation (Figure 3 ).
This method avoids loss of many integral membrane proteins that are poorly resolved on 2-D gels [52] . The subtractive approach was validated by the identification of all expected previously characterized NE transmembrane proteins in 9 the NE fraction and their absence from the MM fraction. In addition, 67 previously uncharacterized putative NE transmembrane proteins were identified in the NE fraction, which were absent from the MM fraction [46] . To simplify discussion, members of this group were called NETs (for NE Transmembrane proteins).
However, they should be considered as "putative" NETs until their localization has been confirmed by a direct assay, involving either targeting of a tagged protein to the NE in transfected cells or immunolocalization. Eight of these NETs were shown to target to the NE when expressed in transfected cells as epitope-tagged constructs.
This suggests that many of the remaining 59 also will prove authentic. The large number of novel NE proteins identified in the second study, as compared to the first, is attributable to the high sensitivity of MudPIT (Figure 3 ) and the fact that the second study analyzed nuclei from liver, which is a composite of many different cell types rather than a cultured cell line.
The "subtractive" and "comparative" approaches used to identify NE-specific proteins both had limitations. The comparative approach disregarded NE-specific proteins that were not associated with the salt-and nonionic detergent-insoluble lamina fraction, because no other basis was provided for distinguishing between the NE and ER transmembrane proteins that were present in the chaotrope-resistant fraction. The subtractive approach disregarded proteins that have functions in both the ER and the NE. For example, a known ER protein, torsinA, appeared in both NE and MM fractions. However, a fraction of torsinA appears to have specific functions at the NE as it is tethered there by interaction with the NE-specific transmembrane protein LAP1 [29] . Moreover, point mutants in torsinA resembling those responsible for the disease early-onset torsion dystonia preferentially accumulate in the NE [53] . residues), yet similar hydrophobic helices also can occur in the interior of folded proteins. Moreover, membrane integration can also occur with multimers of betabarrels, (reviewed in [54] ) and hydrophobic 'domes' inserted into the membrane bilayer as 'monotopic' proteins as postulated for FAAH [55] .
Numbering the set of NE proteins
It may be some time before determination of the full set of NE proteins is possible.
Aside from the limitations of the subcellular fractionation and proteomics strategies Even rigorous testing may be confounded by the existence of multiple splice variants that have distinct cellular locations. Analysis of LAP2 has shown that at least six separate mRNAs are generated from the gene, two of which lack a membrane-spanning segment [56] . In addition to the NE-bound ß-variant, isotypespecific antibodies exist only for the soluble α-variant, which localizes predominantly in the nucleoplasm (with minimal concentration at the nuclear rim) [49] . A wide variety of splice variants is also evident for the Syne/Nesprin protein families [36, 38] and for 18 of the 67 new NETs.
At this point, it is unclear how many of the proteins that are localized throughout the ER have distinctive functions at the NE, as suggested for torsinA.
There have been many reports of transmembrane proteins that are concentrated at the NE in certain tissues or conditions of cell culture, but that are not specifically concentrated at the NE under other circumstances. These include proteins involved in lipid modification [57] , second messenger signaling [58] , and peptide/ ion transporters [59, 60] . All of the above-mentioned proteins also were observed in the NE-enriched fraction of the "subtractive" proteomics study [46] . Since 566 total proteins were identified in the NE membrane-enriched fraction of that study and 148 proteins were identified in the "comparative" study [42] , it is likely that the number of proteins with specific functions at the NE will increase.
Although the focus of this review is on transmembrane proteins, it is noteworthy that proteins lacking a predicted membrane-integrated region also have been found to concentrate at the NE, and many have been shown to bind NE transmembrane proteins or lamins. Among these are several chromatin and chromatin-modifying proteins such as HP1, BAF (barrier-to-autointegration factor), histones, and the transcriptional regulator germ cell-less (GCL) (reviewed in [24] ).
Several additional soluble RNA and DNA modifying proteins were detected in both proteomics studies. One of these, the mammalian homolog of Dbp5 DEAD box helicase, was subsequently shown to be tethered to the NPC for a role in yeast mRNA export [61] . Such "associated" NE proteins could be parts of larger protein complexes organized around NE transmembrane proteins.
A different NE proteome for different tissues?
UNCL was not identified in the "subtractive" MudPIT analysis of rodent liver NEs [62] . For most NETs, considerable variation was observed in expression levels over the tissues sampled. Over 4/5 of those analyzed exhibited greater than a 10-fold range of expression differences among the studied tissues, and many exhibited levels of expression no higher than background in some tissues [63] . Interestingly, some NETs showed preferentially high expression in a small number of tissues, including liver and two of the cell types present in liver, fat 13 cells and blood (Figure 4) . The strongest preferential expression in liver was observed for NET45, which averaged nearly 25-fold higher levels of expression in liver than the median value observed over all tissues. Only a few of the NETs exhibited such extreme tissue-preference. These observations support the hypothesis that each cell type has a small set of unique or preferentially expressed NE proteins. Thus, analysis of NEs from other tissues is predicted to identify some additional NE transmembrane proteins that are absent from liver.
The first indication that NE composition might be dynamic came from observations that lamin subtypes change in their expression during development.
Lamins A and C, which are splice variants differing in their C-termini, usually appear at the time of, or following differentiation (reviewed in [1]) whereas lamins B1 and B2 are expressed throughout development, albeit at varying levels [64] . This developmental regulation is likely to be important as it is observed in all vertebrates tested (frogs, birds, mammals) as well as in Drosophila (reviewed in [1]). Lamin subtype variation also could influence the composition of membrane proteins in the NE, as several transmembrane proteins have been shown to target to the NE by lamin binding [65] . Although few transmembrane proteins have been tested for lamin subtype preference, LAP2ß appears to have a preference for lamin B1 [66] and emerin for lamin A [67, 68] . Similar to lamins, the splice variants of LAP2 have been shown to exhibit dynamic developmental expression [69] ; thus, changes in lamina composition during tissue differentiation may direct or facilitate a developmentally coordinated transition of protein complexes at the NE. Chromatin regulatory functions could be greatly affected by compositional differences in the NE between different tissues and developmental stages. This encourages further study of the NE from a systems biology perspective. It will be important to sample NE proteomes from a variety of different cell and tissue types in order to determine the extent of NE variation and to identify tissue-specific NE transmembrane proteins. Once additional NETs have been identified and verified, determination of networks of protein interactions will help to discern tissue-specific functional complexes that may be involved in disease. Proteomics subcellular fractionation strategies. Because of NE continuity with the ER, identification of NE-specific proteins is confounded by ER membranes cofractionating with isolated NEs, and by ER-like functional properties of the ONM.
Concluding remarks
A. In the comparative approach, NEs were extracted with 4 M urea in 0.1 M Na 2 CO 3 , generating a chaotrope-insoluble fraction that is enriched in integral proteins. Membrane proteins from both the NE and ER should be well represented in this fraction, but all non-membrane proteins including lamins should be solubilized and extracted. This fraction contained LAP2ß and calnexin, but not lamin B1 or the soluble NPC receptor importin ß. NEs were separately extracted with a non-ionic detergent (1% Triton X-100). This treatment should solubilize membranes and transmembrane proteins that are not tightly bound to a detergent-resistant structure (such as the lamin polymer). Thus membrane proteins associated with the nuclear lamina should appear in this fraction while those of the ER should be extracted. This fraction contained LAP2ß, lamin B1 and importin ß, but not calnexin. The nuclear lamin polymer has unique biochemical properties that make it resistant to high salt concentrations; thus, transmembrane proteins associated with the nuclear lamina should also remain in the salt-insoluble (1 M NaCl) fraction (along with other membrane proteins), while soluble contaminants, such as chromatin proteins, should be extracted. This fraction contained LAP2ß, lamin B1 and calnexin, but not importin ß. B. In the subtractive approach, peripheral ER proteins that also were present in the NE fraction were excluded by discounting proteins that appeared in a separately isolated microsomal membrane (MM) fraction that is rich in ER proteins. Subtracting proteins that appeared in both fractions from the NE fraction yielded an "in silico" NE fraction. 
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